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FIGURES 


1  Noeplanar  BOXCARS  spectrometer  where  BS  la  a  SOX  beam  splitter,  M  is  15 

a  idrror,  OF  la  an  optical  flat  rotatable  about  ita  horizontal  axis, 

and  T  la  a  beam  terminator 

2  GARS  nitrogen  apectnui  from  a  double-base  propellant  flame  burning  16 

uneonflned  In  air.  The  spectrum  was  t^en  using  a  single  laser  pulse 

10-mm  above  the  centerline  of  the  propellant  surface.  l-_  * 

212  counts,  T  2500  ±150  K. 

3  GARS  spectrum  observed  2-em  above  the  burner  head  (*)  compared  with  a  17 
theoretical  spectrua  (solid  llna)  calculated  for  2683  X  a^  58X  N2  Tor 

a  6  >  0.4  flame  (botton  spectrum);  2982  K  and  45X  for  a  4  >  1.0  flame 
(top  apectruQ). 

4  CARS*  spi^trum  of  CO  region  for  (a)  4«  1*2  flames;  (b)  4*  1.8  flame;  IS 
atid’(o)  f  <•  2.5  flame.  The  00  sip!  H2  resonant  and  nonresonaut 
susceptibility.  The  narrow  peak  at  2131  em'*^  stop  the  CO  Q  (1,0)  band 

is  the  hydrogen,  pure  rotational  (11,9)  tranaltion. 

5  <^UtS  spectra  obaerved  l-omi  above  the  burner  head  In  a  0*27  CH^/M20  flame.  19 
The  dietence  Indiceted  le  from  the  centerline  of  the  burner. 

6  (f)  The  eingle-ehot  CARS  epectrum  et  the  nltrsaloe  surfece*  20 

(b)  The  avereged  CARS  apectrue  at  a  height  of  ebove  the  nltrsmlne 

tuYfaca  in  the  region  Av  **  2100  oT^*  At  the  ,  strung  slgnsla 

are  seen  from  tL  S.  (11.9)  at  2131  cm'~\  ths  CO  q  (1,0)  at  2137,  and 
ltG9  Q  (1,0)  at  2067  cm"  ,  whereas  the  HCM  signal  Is  diminished  at  6-«n 
with  respect  to  both  the  00  and  U2  signals. 


11 


INiRODUCTION 


Obtaining  useful  experimental  IviforEation  on  the  dynamics  of  deflagration 
and  detonation  of  energetic  materials  has  been  difficult  with  conventional  opti¬ 
cal  techniques.  The  advent  of  nonlinear  optical  techniques  such  as  coherent 
anti-stokes  Raman  scattering  (CARS)  provides  an  opportunity  to  extend  the  infor¬ 
mation  obtainable  on  these  energetic  systems.  Propellant  flames  are  often  tran¬ 
sient,  particle-laden,  incandescent;,  and,  under  some  conditions,  turbulent. 
However,  single-shot  nitrogen  CARS  spectra  from  propellant  flames  have  been 
obtained  (refs  1  and  2).  This  use  of  CARS  in  obtaining  temperature  ana  concen¬ 
tration  from  propellant  flames  led  to  further  investigations  in  the  model  propel¬ 
lant  flames  from  CH^/N20  (refs  3,  A,  and  5). 


CARS  spectroscopy  (ref  6,  7,  and  8)  has  several  features  which  are  especial¬ 
ly  suitable  for  probing  propellant  flames.  These  include  recent  modifications 
which  have  enhanced  the  usefulness  of  CARS  for  investigating  flames.  CARS  arises 
from  the  nonlinear  response  of  homogeneous  media.  The  nonlinear  response,  when 
beams  m  and  ol  are  incident,  generates  an  oscillating  polarization.  The  lowest 

order  nonlinearity  is  the  third  order  susceptibility,  y'  * 


which  generates  a  frequency  component  of  the  polarization  at  =  2  • 

Vibrational  resonant  enhancement  of  this  three-wave  mixing  process  occurs  if 

~  ^2  equal,  to  a  Raman-active  vibration,  in  which  case  the  enhancement 

of  the  signal  is  a  CARS  process.  Since  CARS  is  a  coherent  process,  is 
maximized  if  the  wave-vectors,  kj^,  are  phasematched  so  that  kj^  =»  k2  +  k^  where  kj^ 
equals  m^nj^/c,  c  the  speed  of  light,  and  n^  the  refractive  index  at  frequency 
0)^.  In  gases,  which  are  nearly  dispersionless,  colinear  beams  are  phasematched. 

With  colinear  geometry,  the  spatial  resolution  is  poor  since  CARS  is  generated  by 
an  Iterative  growth  process. 


If  u)^  is  split  and  phaseraatching  is  achieved,  ox^  is  maximized  and,  since 
CARS  generation  occurs  only  where  all  three  beams  intersect,  the  spatial  resolu¬ 
tion  is  improved.  The  split  phasematching  is  tenaed  liOXCARS.  BOXCARS,  in 
which  the  wave  vectors  are  not  phasematched  in  one  plane,  is  termed  folded  (or 
nonplanar)  BOXCARS  and  has  the  advantage  that  is  easily  separated  spatially 
from  the  generating  beams.  BOXCARS  can  easily  be  constituted  so  that  the  effec¬ 
tive  sampling  volume  in  the  flame  is  less  than  l-mm  in  the  direction  of  the  laser 
beams  and  200  microns  in  cross  section  in  the  transverse  direction. 


when  narrowband,  is  scanned  to  obtain  the  spectrum  at  (o^.  However,  to 
obtain  spectra  in  transient  and/or  turbulent  media,  it  is  appropriate  to  use  a 
broadband  ta  [~150  cra~^  full  width  at  half  height  (FWHH)]  to  obtain  the  full 
rovibratlonat  spectrum  at  ti\  within  die  time  duration  of  the  laser  pulse  ( ~1U 
ns).  Averaging  of  the  single-shot  broadband  spectra  can  be  used  to  improve  the 
slgnal-to-noise  in  some  experiments.  The  coherence  of  CARS,  together  witl>  the 


spatial  resolution  of  BOXCARS  and  the  time  resolution  of  broadband  spectra  is 
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necessary  to  probe  propellant  flames.  Broadband  BOXCARS  was  the  configuration 
used  to  obtain  the  first  propellant  CARS  spectra  (ref  1).  Some  aspects  of  pro¬ 
pellant  flames  and  those  features  of  CARS  needed  for  probing  propellant  flames 
will  be  discussed  In  further  detail.  The  CARS  spectra  obtained  from  both  the 
reaction  zone  and  post-flame  regions  of  the  CH^/N20  model  propellant  flame  will 
be  discussed  In  terms  of  their  applicability  to  future  propellant  flame  studies. 
Initial  CARS  measurements  on  nitramlne  propellants  using  the  spatial  resolution 
of  CARS  to  probe  the  propellant  reaction  zone  will  also  be  discussed. 


PROPELLANT  FLAMES 


The  propellant  flames  that  are  of  primary  Interest  In  this  work  are  those 
generated  by  burning  solid  propellants  formulated  primarily  from  nitrocellulose/ 
nitroglycerin  (which  are  termed  double-base  propellants)  and  from  nltramines  such 
as  RDX  (1,  3t  S  trinltro  hexahydro  1,  3,  S,  triazine).  Both  double-base  and 
nitramlne  propellant  modelings  were  recently  reviewed  by  (tiller  (ref  9). 

In  double-base  propellants,  it  is  thought  that  the  solid  decomposes  to  N02t 
aldehydes,  and  other  similar  small  molecules  (foam  zone).  These  react  further  to 
give  principally  NO,  CO,  H,,  N2,  COa  and  small  organic  fragments  (fizz  or  dark 
zone).  Finally,  the  NO  and  CO  react  further  to  give  the  luminous  flame  (flame 
zone)  (ref  10).  Heller  and  Gordon  (ref  10)  used  fine  thermocouples  Imbedded  both 
in  the  propellant  and  close  to  the  propellant  surface  to  measure  the  temperature 
distribution.  A  temperature  of  600  to  800  K  was  measured  at  the  propellant  sur¬ 
face.  The  dark  zone  gas  temperature  rose  as  a  result  of  the  fizz  zone  reactions 
to  about  1500  K  at  low  pressure  (40  psi).  This  rise  in  dark  zone  temperature  to 
ISOO  K  occurred  within  shout  l*«n  of  the  propellant  surface  at  40  psi.  In  an 
inert  atmosphere,  the  luminous  flame  zone  appears  about  15~mB  above  the  propel¬ 
lant  surface  as  the  pressure  is  raised  to  10  to  13  atm* 

Similar  results  in  terms  of  dimensions  of  the  gas  flame  zones  were  obtained 
by  Zenin  in  1966  (ref  II)  and  earlier  by  Crawford  et  al  in  1950  (ref  12)  for 
propellant  burning  In  an  Inert  atmoaphere  where  it  was  shown  that  the  length  of 
the  dark  zone  inversely  proportional  to  the  cube  root  of  the  pressure, 
Crawford  also  observed  propellant  burning  in  air  at  atmosphere  pressure  (ref 
12).  When  ignited  with  a  flame,  ptopellsot  burned  in  sir  with  a  luminous  flame. 
Ignition  with  hot  wire  resulted  in  flsmeless  burning  (fizz  burning)  with  the 
tome  burning  rete.  Since  the  burning  rete  was  the  same  in  using  both  methods  of 
ignition,  the  rate-controlling  processes  in  the  solid  or  close  to  the  surface 
were  assumed  to  be  the  same.  The  luminous  flame,  although  it  does  Increase  the 
overall  heat  released  from  the  propellant,  apparently  does  not  contribute  sub- 
stsntlslly  CO  the  heat  release  sc  the  propellant  surface  which  controls  the  rate 
of  burning  at  atmospheric  pressure. 

Keller  and  Gordon  (ref  10}  luive  also  measured  the  composition  of  the  gas  in 
the  dark  zone  sc  ISO  psi  sttd  200  pst  using  small  asmpling  probes.  The  composi¬ 
tion  measured  was  (lOZ),  O)  {40Z),  (5Z).  NO  (30Z),  and  CO^  (13Z). 

TIte  double  base,  fizz-zone  reset  ion  has  been  attributed  by  Scottcr  (ref  13) 
to  reactions  between  nitrogen  dioxide,  glyoxal,  formaldehyde,  formic  acid,  hydro- 


gen  cyanide,  and  nitrons  acid.  The  most  important  process  le.n.iii)'  i  o  iiu'  Lu  li- 
nous  flame  are  thought  to  be  (ref  13) 

H2O  +  H  >  H2  +  OH 
CO  +  OH  >  CO,  +  H 

fast 

2  NO  +  H2  +  2HN0  (+H2  >  2H2O  +  N2) 

The  pressure  dependence  of  the  burning  rate  of  the  double-base  propellant  is  thus 
attributed  to  the  terraolecular  nature  of  the  nitric  oxide-hydrogen  reaction  (ref 
13).  Previously  Crawford  et  al  (ref  12)  had  observed  that  the  burning  rate  01 
double-base  propellant  flames  closely  fit  an  expression  of  the  form 

r  -  a  +  b 

where  r  is  the  burning  rate;  P  the  pressure;  and  a,  b,  and  n  are  constants  char¬ 
acteristic  of  the  powder  composition.  The  pressure-independent  and  pressure- 
dependent  terms  were  associated  with  reactions  occurring  in  the  solid  and  tne  gas 
phase,  respectively.  Double-base  propellant  flames  have  recently  been  modeled  in 
the  Beckstead-Derr-Prlce  (BDP)  framework  by  Beckstead  (ref  14). 


NITRAMINE  PROPELLANTS 


Nltramlne  propellants  contain  a  substantial  percentage  of  nitramlnes  (75%) 
along  with  a  varying  percentage  of  energetic  binders  (nitrocellulose)  and/or 
nonenergetlc  binders  (organic  ester).  Current  models  of  nitramine  propellant 
combustion  are  essentially  models  of  HMX  (cyclotetranithylene  tetranitramine)  and 
RDX  deflagration.  The  burning  rate  expression  for  nitramine  propellants  (ref  15) 

r  =  ap^/2  (1  +  p/b)^^^ 

is  such  that  at  low  pressure 

p  «  b,  r  ~  p'^^^ 

whereas  at  high  pressure 

p  »  b,  r  ~  p^ 

Much  of  the  modeling  of  nitramine  propellant  has  been  to  explain  this  complex 
burning  rate  behavior, 

Ben-Reuuen  and  Summerfield  (ref  16)  have  recently  reviewed  nitramine  propel¬ 
lant  modeling  and  have  derived  improvements  to  the  comprehensive  Ben-Reuuen  and 
Caveny  (ref  15)  model  of  nitramine  deflagration  (refs  15  and  17).  The  Ben-Reuuen 
and  Caveny  model  consists  of  the  following  chemical  mechanism: 
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First,  partial  decomposition  of  ROX  In  the  liquid  phase 
RDX(L)  ♦  3CH2O  +  9/4  N2O  +  3/4  NO  +  3/8  N2 

Second,  gas  phase  decomposition  of  RDX  In  the  near  field  (close  to  the  propellanc 
surface) 


RDX(G)  NO2  +  N2O  +  3CH2O  +  3/2  N2 
Third,  oxidation  of  formaldehyde  by  NO2 

CH2O  +  NO2  ♦  H,0  +  CO  +  N2 

In  the  far  field  (relatively  far  from  the  propellant  surface)* 

Detailed  thermocouple  temperature  profiles  In  the  nltramlne  solid  are  not 
available,  as  they  are  in  nitrocellulose  propellants,  to  estimate  the  length  of 
the  various  reaction  zones.  However,  the  calculations  of  Ben-'Reuuen  and  Caveny 
(ref  13)  indicate  that  the  near  field  at  10  atm  is  within  tens  of  microns  of  the 
propellant  surface.  If  tlie  length  of  the  near  field  of  nltramlne  propellants 
scales  similarly  to  the  dark  zone  of  nitrocellulose  propellant  (l.e.,  as  the  cuoe 
of  the  pressure)  at  atmospheric  pressure,  the  near  field  should  be  of  the  order 
to  millimeters. 

Ben'*Reuuen  and  Suanerfleld  (ref  16)  have  added  to  the  Ben-Keuuen  m\d  Caveny 
model  a  nonequillbrlum  evaporation  low  at  the  melt/gas  Interface,  an  improved 
melt  phase  m^el  Including  decomposltlon^gas  bubble,  and  model  for  far-fiold 
processes,  with  several  simultaneous  secondary  reactions. 

Schroeder  (ref  18)  has  recently  reviewed  nltramlne  decomposition  chemistry. 
At  low  temperature  (SOO  to  600  K),  the  ges  phase  reaction  mochaolsa  by  which  RDX 
Initially  ^composes  to  CH2O  and  ^2^  Is  postulsted  as 

(CH2NN02)3  ♦  3CK2O  '**2® 

This  is  thought  to  occur  through  HONO  ellelMtlon  and/or  cyclic  decomposition  via 
the  intermediate  H-ntltroformltaine,  CH2NKQ2.  Crossover  to  a  high  temperature 
reaction  mechanism  In  the  gas  phase  Is  thought  to  occur  aoovc  about  600  K.  This 
mechanism  is  thought  to  occur  via  breakage  of  an  initial  HK  bond  followed  by 
fragmentation  to  tdiich  decompoaea  to  HCN  and  HO2,  leitding  to  the  overall 

Initial  reaction 

(CH2?Jh02)3  ♦  3IICN  *  6NO2  +  SHj 

The  liquid  phase  reaction  is  also  thought  to  occur  by  a  smchanlsm  siullar  tu 
the  high  temperature  gas  phase  reaction  mecliaoiso. 

Price  et  al  (ref  19)  have  recently  modified  the  W)P  model  for  ItJiX  to  Incor¬ 
porate  both  the  high  (endotheredc)  and  low  (exothermic)  temperature  mechanisms  in 
the  solid  and  exotliermic  and  endothermic  second  order  reactions  in  the  gas  phase. 
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CARS  APFA!0\TUS 


A  CARS  spectrometer  appropriate  for  studying  botli  the  model  and  actual  pro¬ 
pellant  flames  Is  shown  in  figure  1  and  is  described  in  detail  in  nrferenco  ‘S. 
Nonplanar  BOXCARS  was  utilized  to  achieve  phasematching ,  The  output  of  .1  (Juanta- 
Ray  DCR-IA  Nd/YAG  laser  at  1.06  pn  (700  tnj)  is  doubled  to  generate  tin*  pui.ip  ueai.i 
at  5320A  (250  mJ)  with  a  bandwidth  of  near  1  cm  The  puiap  beam  is  spilt  witii 
beam  splitter  BSl  to  generate  is  used  to  pump  a  dye  laser  to  generate 
the  Stokes  beam,  with  a  banowidth  of  about  130  cm~^  and  an  energy  of  about  30 

mJ .  To  achieve  BOXCARS  geometry,  Is  again  split  with  beam  splitter,  1JS2 ,  to 

generate  and  .  In  the  optical  configuration  used  to  generate  nonplanar 

BOXCARS,  the  10^,  ' »  and  beams  are  parallel  and  situated  on  a  circle  at  tlie 
focusing  lens.  To^  achieve  ^phasematching,  an  optical  flat  was  inserted  into  (4. 
before  focusing.  After  colllmation,  tit  is  spatially  isolated  and  focused  into  a 
monochromator.  The  signal  was  detected  by  a  PAR  SIT  detector  and  processed  oy  a 
PAR  0M2  system. 


CARS  THEORY 


The  observed  CARS  spectrum  is  proportional  to  the  square  of  t'.e  modulus  of 
the  third-order  susceptibility,  »  which  is  the  sum  of  a  resonant  term  x^, 
(related  to  nuclear  displacements)  and  a  nonresonant  term  (related  to  elec¬ 
tronic  displacement) 


X  “  X,  +  V 

The  resonant  terra  is  calculated  as  a  sura  of  Lorentzian  line  shapes  of  each 
Q(J)  rovlbrational  transition. 


given  that 

kj  =  (2N/h)laj|(Apj)rj"^  (3) 

where  N  is  the  number  density,  a,  is  the  polarization  matrix  element  for  the 
transition,  Ap  .  is  the  normalized^  population  difference  between  the  molecular 
energy  levels  Involved  in  the  transition,  T  is  the  Isolated  pressure-broadband 


llnewldth,  and  A 


“l  "  ‘^2  "  “j' 


The  calculated 


..(3),  2 


is  first  convoluted 


over  the  laser  shapes  and  then  over  a  triangular-instrumental  slit  function. 


is  the  sum  of  real  and  imaginary  components  x'  X*'*  respectively, 

lat 
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(4) 


lx 


^3),2  .  .2 


+  2x’  +  X^r 


X*  and  x"  display  dispersive  and 
to  Che  detuning  frequency 


resonant  behavior,  respectively,  with  respect 


As  the  conti.lbution  of  the  squared  resonant  terms  in  equation  4  Is  lowered, 
the  cross  term  x'  X^  •  which  is  dispersive,  modulates  the  shapes  of  the  spectrum. 
The  squared  resonant’^ contribution  Is  decreased  with  lowered  concentration  of  the 
resonant  species  and  lowered  population  difference,  Ap  .  The  extent  of  modula¬ 
tion  of  a  Q-branch  will  Increase  for  a  given  concentranon  as  the  temperature  Is 
raised  since  the  ratio  of  resonant  to  nonresonant  signal  at  a  given  frequency  is 
decreased  due  to  population  of  hoc  bands.  The  lowest  intensity,  hot  bands  will 
exhibit  Che  largest  cross-term  modulation.  Thus,  the  shape  of  the  total  CARS 
spectrum  is  a  complicated  function  of  temperature  and  concentration.  Approximate 
temperature  can  be  extracted  from  the  C/JtS  spectrum  by  considering  only  those 
features  which  are  relatively  much  more  intense  chan  the  nonresonant  susceptibl- 
Ity.  At  constant  temperature,  concentration  can  be  obtained  from  the  ratio  of 
total  CARS  InteoslCy,  I,  to  the  nonresonant  intensity,  at  a  particular  fre¬ 
quency  (ref  S). 


To  calculate  CARS  spectra  according  to  the  above  pro'ccdure,  the  spectral  and 
llnewidth  parameters  of  the  resonant  species  and  the  nonreaonant  suaceptlbllty  of 
all  the  species  present  at  significant  concentration  (above  about  11}  must  be 
known.  In  the  post-flame  region  of  hydrocarbon  flames,  these  parameters  are 
known  to  sosw  degree  for  the  predominant  species  00,  (X)^,  N^,  and  H2O  (ref  7). 
In  propellant  flames,  many  of  the  species  thought  to  be  present  in  various  tones 
of  propellant  (i.e.,  tKl,  NO2,  ItCN,  N2O)  have  not  as  yet  had  CARS  apectra  and 
models  thereof  reported  (except  as  dlscumsed  below  for  N^O).  Additionally,  H2  is 
present  at  temperatures  (  3000  and  concentrations  (  wl)  such  that  pure  rota¬ 
tional  $-bratich  tranaitlona  are  seen  in  many  regiona  of  the  propellant  CAM  spec¬ 
tra. 


RESULTS  AHO  DISCUSSION 


Post-Flame  Eone 


the  CABS  spectra  (fig.  2}  was  obtained  from  the  poat-flame  region  of  a 
double-base  ptcpellant  flame  (refs  1  and  2).  this  spectrum  was  taken  to  demon¬ 
strate  the  feasibility  of  obtaining  CARS  spectra  from  a  propellant  flaisi.  the 
Spectrum,  however,  shows  several  features  not  common  to  CARS  spectra  obtained 
from  hydrocsrhon/alr  flames*  the  temperature,  estlmared  as  2500  K  t  150  K  based 
on  the  height  of  the  first  hot  band,  is  higher  than  tlist  usually  encountered  i.i 
hydrocarbon/ mlr  flames.  A  prominent  second  hot  bend  Is  encountered  at  2262 
the  shape  of  the  spectrum  can  be  consistently  interpreted  If  it  Is  assumed  that 
there  Is  substantial  croas-tera  modulation  (CARS  Theory  section).  This  is  con¬ 
sistent  with  the  concentration  of  N,  temperature  (2600  R)  estimated 

from  thermocheuical  calculations  (ret  2).  Since  propellant  flames,  in  general, 
hmve  a  lower  concentration  of  1^2  (usually  less  than  302)  titan  hydrocatbon/air 
flames  (where  N2  concentration  is  about  702),  N2  apectra  obtained  from  pro- 
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pellant  are.  In  general,  more  strongly  affected  by  cross-term  modulation 
CARS  spectra  from  hydrocarbon/air  flames. 


tiian 


For  this  reason,  N2  CARS  spectra  were  obtained  from  a  series  of  C!l*/N.)() 
^ames  (ref  5).  The  experimental  and  thcrmochemically  calculated  (NASA-LEWIS 
CODE)  temperatures  and  concentrations  of  N2  are  given  in  table  1  for  lean  and 
stoichiometric  flames.  An  example  of  the  fit  of  the  experimental  data  to  the 
calculated  CARS  spectra  is  given  in  figure  3. 


These  measurements  have  been  extended  to  rich  CU^/N20  flames  which  closely 
resemble  propellant  flames  for  N2  and  CO  CARS  (Harris,  et  al,  ref  20,  and  Aron  et 
al,  ref  21).  The  results  for  both  N2  and  CO  are  in  close  agreement  with  thermo- 
chemical  calculations  for  unshielded  flames  provided  the  flames  are  not  too  rich 
(^<  1.5).  These  rich  flames  (^>1.5)  were  found  to  give  temperature  and  concen¬ 
tration  in  agreement  with  thermochemical  calculations  when  properly  shielded.  In 
addition,  in  these  flames  hydrogen-pure  rotational  transitions  were  observed  in 
the  positions  noted  in  table  2.  CO  and  N2  CARS,  the  nonresonant  background  and 
the  2139  cm”^  S^  (11,9)  pure  rotational  H2  transition  atop  the  CO  Q  (1,0)  band 
are  shown  in  figure  4.  The  transitions  were  initially  assigned  -vi.h  the  spectro¬ 
scopic  constants  of  Fink  et  al  (ref  22).  A  better  correlation  of  the  theory  and 
experiment  given  in  table  2  was  found  using  spectroscopic  constants  obtained  from 
potential  functions  calculated  from  ab  initio  calculation  utilizing  a  generalized 
James-Coolldge  wavef unction  (ref  23).  In  general,  propellant  flames  will  show  a 
series  of  sharp  rotational  lines  which  are  spaced  by  a  varying  Interval  on  the 
order  of  a  hundred  wave  numbers  throughout  the  CARS  spectrum  due  to  both  the 
relatively  high  concentration  and  temperature  of  H2.  These  lines  are  presently 
beng  modeled  to  allow  prediction  of  H2  temperature  and  concentration  from  CARS  S- 
branch  rotational  spectra  (ref  23).  Additionally,  the  II2  Q-branch  can  be  used  to 
obtain  similar  information.  The  hydrogen-pure  rotations  offer  the  advantage  of 
allowing  simultaneous  spectra  with  a  number  of  other  species  (i.e.,  CO,  NO,  C02)» 
assuring  that  the  relative  concentrations  of  the  species  pertain  to  the  same 
spatial  and  temporal  location  in  the  flame. 


Thus,  present  results  from  both  actual  and  model  propellant  flames  for  N2 
and  CO  suggest  that  CARS  spectra  can  be  used  to  assess  the  ability  of  thermody¬ 
namic  calculations  to  predict  propellant  post-flame  zone  flame  conditions.  Com¬ 
parison  in  the  post-flame  region  to  thermochemical  calculation  should  be  particu¬ 
larly  interesting  as  the  pressure  at  which  the  propellant  is  burned  varies. 


Reaction  Zone 


To  assess  the  utility  of  CARS  for  making  measurements  in  the  reaction  zone, 
simultaneous  N2  and  N2O  CARS  spectra  shown  in  figure  5  were  obtained  from  the 
reaction  zone  of  0.3  equivalence  ratio  CH^/N20  flames  (refs  4  and  5).  Spectra 
were  obtained  from  room  temperature  to  near  the  adiabatic  flame  temperature. 
Simultaneous  spectra  are  especially  valuable  from  the  reaction  zone  since  it  is 
characterized  by  sharp  spatial  and  temperature  gradients.  Simultaneous  spectra 
assure  the  coincidence  of  the  spatial  and  temporal  location  of  the  resonant  spe¬ 
cies,  thus  Improving  the  kinetic  validity  of  the  data.  However,  the  data  reduc¬ 
tion  of  simultaneous  spectra  is  complicated  by  cross-term  interaction  of  thu 
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resonant  species.  The  effect  of  cross-term  interactions  of  the  resonant  species 
is  dependent  on  the  frequency  separation  of  the  resonant  species.  The  spectra 
shown  in  figure  4  directly  demonstrates  tuat  CARS  has  the  capability  of  detecting 
chemical  changes  occurring  in  a  distance  of  less  than  100  microns.  Thus,  the 
spatial  resolution  of  CARS  Is  sufficient  to  directly  provide  information  to  help 
to  understand  the  chemical  changes  occurring  in  the  reaction  zone.  The  tempera¬ 
tures  and  concentrations  obtained  from  the  spectra  snown  in  figure  5  were  consis¬ 
tent  with  attributing  the  low  temperature  (T<1700  K)  flame  decomposition  of  N2O 
to  the  reaction 


H  +  N2O  +  N2  +  OH 


where  k  «  6  x  exp(-13100/RT)  cm^  mole~^s~^ 

This  reaction  has  been  Invoked  to  explain  mass  spectrometrlc  data  from  the  H2/N2O 
flame  (ref  24)  although  the  recently  reported  rate  for  the  reaction  of  CH  and 
N2O,  (7.8  ±  1.4)  X  10“^^  cm^  s”^  at  300  K  (ref  25)  may  lead  to  more  quantitative 
interpretation  of  the  data. 


The  spatial  resolution  obtained  in  the  reaction  zone  of  CH4/N2O  flames  indi¬ 
cates  that  CARS  has  the  potential  for  probing,  in  favorable  cases,  the  initial 
gas  phase  reactions  that  occur  within  1  nn  of  the  surface  of  burning  nitrocellu¬ 
lose  or  nitramine  propellant.  The  secondary  reactions,  which  occur  within  15  mm 
of  the  surface  in  niniocellulose  propellant  flames  at  low  pressure  and  the  post- 
flame  region,  arc  well  within  the  spatial  resolution  of  CARS.  CARS  spectra 
obtained  in  the  initial  and  secondary  reaction  tones  will  be  difficult  to  inter¬ 
pret  quantitatively  because  of  the  necessity  of  (1)  knowing  all  the  speciea  pre¬ 
sent  to  determine  the  nonresonant  susceptibility  (2)  determining  spectral  param¬ 
eters  for  species  previously  uncharacterited.  However,  even  qualitatively  In- 
situ  information  will  be  useful  for  suggesting  the  reaction  mechanisms  responsi¬ 
ble  for  propellant  burning.  Rropellant  reaction  zone  studies  must  be  performed 
at  the  lowest  pressures  necessary  for  propellant  combustion  because  of  the 
inverse  cubic  dependence  of  the  reaction  zone  length  with  pressure. 


The  post-flame  region  should  present  fever  difficulties  since  thermodyi\amic 
calculations  arc  available  to  give  estimates  of  gas  composition  for  making  ini¬ 
tial  estimates  of  the  nonrosonant  susceptibility.  Measurements  at  higher  pres¬ 
sure  should  permit  sufficiently  high  signal  strength  to  allow  cancellation  of  the 
nonreaonant  background  (ref  7)  giving  temperature  independent  of  composition. 

preliminary  results  have  been  obtained  (ref  26)  from  the  Initial  and/or 
secondary  gas  phase  reaction  zone  and  flame  zone  of  a  composite  nitramine  propel¬ 
lant  (Isobarlc  flame  temperature,  2064  K;  flame  composition:  5Z  C02t  371  C‘0,  92 
It20,  282  H21  and  222  N^)  formulated  for  low  vulnerability  to  Ignition.  The  com¬ 
posite  nitramine  is  7m  HOX,  202  organic  esters,  and  42  nitrocellulose.  The 
products  of  orgiinlc  ester  decomposition  would  be  expected  to  dilute  the  neat  RDX 
decomposition  products,  such  chat  the  dark  zone  would  be  lengthened  and  Che  burn¬ 
ing  rate  consequently  slowed.  The  CAR8  spectra  obtained  from  the  surface  of  the 
propellant  (that  i't,  the  spectra  taken  as  close  to  the  surface  as  possible)  qual¬ 
itatively  show  lower-than-cquilibriua  concentrations  of  final  prc^ucts  (M2,  CO, 
and  a  number  of  intermediate  species  including  HCN)  and  temperature  not  inconsis¬ 
tent  with  t’Stiaaced  surface  temperature  of  600  to  700  K  (Propellant  Flame  sec¬ 
tion).  Higher  above  the  surface  (6  ma),  the  intermediates  decrease  and  the  cem- 
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perature  and  concentrations  of  final  products  increase  (as  shown  in  the  CAKS 
spectra  given  in  figure  6).  At  the  surface,  strong  signals  are  seen  from  H,,  CO, 
and  HCN,  whereas  at  6  nun  the  HCN  signal  is  diminished  with  respect  to  both  the  CO 
and  H2  signals.  Still  higher  (20  nun),  the  concentration  and  temperature  of  N«  is 
near  the  calculated  thermodynamic  values.  These  results  are  consistent  wii^  a 
mechanism  of  RDX  decomposition  in  which  HCN  is  an  early  or  first  product.  Thus, 
the  results  in  both  the  reaction  zon^  of  CH^/NoO  flames  and  nltramlne  propellant 
flames  indicate  that  CARS  has  the  capability  of  providing  direct,  In-sltu  infor¬ 
mation  on  species  concentration  and  temperature  in  the  reaction  zone  of  reactive 
media. 


CONCLUSIONS 


CARS  spectra  obtained  from  propellant  flames  have  several  features  not  com¬ 
monly  encountered  in  spectra  obtained  from  hydrocarbon/ air  flames  upon  which  most 
of  the  previous  CARS  flame  studies  have  centered.  Hydrocarbon/air  flames  have  a 
high  concentration  of  N2  (near  702),  such  that  temperature  can  be  obtained  from 
the  nitrogen  CARS  spectra  without  undue  concern  for  cross-term  concentration 
modulation.  In  contrast,  propellant  flames  often  do  not  have  any  final  product 
at  a  concentration  much  above  302.  As  a  consequence,  temperature  and  concentra¬ 
tion  must  be  extracted  simultaneously  from  the  dominant  final  'products  of  propel¬ 
lant  combustion  (N2,  CO,  and  H2)»  Studies  in  CH^,N20  flames  have  shown  that  this 
can  be  done  with  good  precision  for  both  N2  and  CO.  Preliminary  studies  in  the 
post-flame  region  of  nitrocellulose  and  nltramlne  propellant  flames  also  indicate 
that  temperature  and  concentration  can  be  obtained  with  good  precision.  These 
post-flame  propellant  results  should  be  compared  to  thermochemical  calculations 
as  a  function  of  pressure.  Additionally,  propellant  flames  show  a  series  of 
sharp  rotational  lines  spaced  by  a  varying  interval  on  the  order  of  a  hundred 
wave  numbers.  These  lines  are  due  to  pure  rotations  resulting  from  the  rela¬ 
tively  high  concentration  and  temperature  of  H2*  These  lines  are  useful  because 
they  allow  simultaneous  observation  of  hydrogen  concentration  relative  to  that  of 
other,  species;  l.e.,  NO,  CO,  C02>  and  offer  straightforward  temperature  determin¬ 
ation. 


CARS  spectra  provide  a  means,  as  demonstrated  In  model  and  actual  propellant 
flames,  of  providing  precise  temperature  and  concentration  profiles  through  the 
various  zones  of  propellant  combustion.  Even  the  qualitative  Information  pro¬ 
vided  by  CARS  on  the  chemical  species  present  In  the  initial  gas  phase  decomposi¬ 
tion  (close  to  the  propellant  surface)  provides  otherwise  unobtainable  Insight 
Into  the  reactions  determining  propellant  burning.  This  Initial  decomposition 
zone ,  which  Is  less  than  1  mm  even  at  ambient  pressure ,  and  ’  the  secondary  gas 
phase  decomposition  zone,  which  Is  of  the  order  of  15-mm  at  ambient  pressure,  are 
most  profitably  studied  at  the  lowest  pressures  consistent  with  propellant  burn¬ 
ing.  These  studies  are  only  possible  with  a  coherent,  highly  spatially,  and 
temporally  resolved  spectroscopy  such  as  CARS.  These  qualities  which  have  been 
applied  to  the  deflagration  of  propellants  containing  the  explosive  ingredient 
nitrocellulose  and/or  ROX  can  be  extended  to  other  reactive  and  explosive  reac¬ 
tions  of  other  energetic  material  in  both  the  gas  and  solid  phases. 
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Table  1,  Measured  and  calculated  temperature  (K)  and  N„  concentration  (X)  in 
CH^/N20  flames  ^ 


Height® 

(mm) 

Gas 

flow 

(cm/s) 

Fuel  oxidizer 
(equivalence 
ratio) 

Temperature  (K) 

1 

No  Concentration  (X)  1 

Experimental 

Calculated 

Experimental 

Calculcted 

5 

16.8 

0.3 

2550 

2541 

60 

62 

2 

16.8 

O.A 

2688 

2654 

58 

60 

2 

33. A 

0.5 

2782 

2738 

54 

58 

2 

51.7 

1.0 

2982  ±  52 

2920 

45  ±3 

51 

(2%)^ 

(6Z)^ 

®  Height 

above  the 

surface  of  the 

barrier . 

^  Percentage  error  of  the  measurement. 


Table  2.  H2  rotational  CARS  transitions  observed  in  CH^/N20  and  nltramine 
propellant  flames 


Transition 

Experimental  (cm'~^) 

Calculated 

(cm“^) 

(J’.J") 

V  -  1 

V  «  0 

V  -  1 

7,  5 

1446  - 

1447 

1374 

9,  7 

1809 

1714 

1815 

1721 

11,  9 

2131 

(2010) 

2130 

2019 
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Figure  N&nplaner  BOKCARS  apectroineter  %^ere  BS  is  a  50%  beam  splitter,  M  is  a  mirror,  OF  is 
an  optical  flat  rotatable  about  Its  boriaontal  axis,  and  T  is  a  beam  terminator 


2ieoi) 


2240.0 


232ao 


2400.0 


Figure  3,  CARS  spectrum  observed  Z-naa  above  the  burner  head  (•)  compared  with  a 
theoretical  spectrum  (solid  line)  calculated  for  2686  K  and  58X  N2  for 
a  ♦  •  0.4  flame  (bottom  spectrum);  2982  K  and  45S  for  a  ■  1.0  flame 
(top  spectrum)  . 


RELATIVE  INTENSITY 


Figure  4.  CARS  speetrua  of  CO  region  for  (a)  #  •  1.2  flanes;  (b)  ^  -  i.b  flane; 

and  (c)  A  2.S  flaM.  The  CX)  and  N2  resonant  and  nonresonant  susccpt^- 
Ibllity.  The  narrow  peak  at  2131  ca~l  atop  the  CO  Q  (I»0)  band  Is  the 
hydrogen,  pure  rotational  (11,9)  transition. 
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